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ABSTRACT

Su, Dan. M.S.E., Purdue University, May 2013. Photo Mineralization of Aqueous Fullerene
Clusters: Headspace Analysis and Product Characterization. Major Professor: Chad T. Jafvert.

Buckminsterfullerene (C60) is an important fullerene material that has drawn much attention
and is currently being applied in many different fields. It was discovered in 1985.

As its

production has largely increased to meet these industrial needs, it is obvious that its environmental
occurrence, especially in aqueous systems, will occur. To further provide information for
environmental toxicity studies and for its risk assessment, this thesis focuses on the photo
transformation processes of aqueous C60 clusters (Aqu/nC60), with a particular interest in
measuring any mineralization that occurs under different irradiation conditions. Two sets of
experiments were conducted to test for CO2 production from Aqu/nC60: Irradiation under solar
light and irradiation under lamp light within a photo reactor.

Both experiments suggest that CO2

is produced from Aqu/nC60, indicating that mineralization does occur to some extent.

Due to the

different light sources and experimental conditions, the rates for photo transformation and
mineralization were different.

In the solar light experiment, as much as 9% of the original

C60-carbon (0.148 mg) was transformed to inorganic carbon; and for the lamp irradiation study
with a higher initial C60 mass (0.485 mg), as much as 14% of the carbon was converted to CO2.
Additionally, the Aqu/nC60 cluster size, zeta potential, UV/Visible absorbance, and reaction
products were measured or observed. The solution pH proved to be a crucial factor, as a
decreasing pH facilitated aggregation of clusters, influencing the stability of Aqu/nC60.

In

buffered solutions, the clusters were more stable upon irradiation.

It should be expected that the

bioavailability and toxicity of C60 will change upon photoreaction.

Liquid chromatographic

separation of the toluene extraction of the photo-reacted suspensions indicated new peaks, and
some of these C60 photo-products have slightly higher polarity. This is the first study that

ix

indicates CO2 is products from Aqu/nC60 clusters under photo irradiation by solar light, indicating
that the 60 carbon atom structure of C60 is destroyed upon exposure to sunlight.

1

1. INTRODUCTION

1.1 Background

1.1.1

Brief summary of fullerene history

Since it was first reported by a research group at Rice University in September 1985,
Buckminsterfullerene has drawn much attention from both the academic research field and by
companies wishing to commercialize its use in real world applications.

Fullerenes, in general,

have evolved into a family of nanomaterials that includes any aromatic structure composed
entirely of carbon, with three major forms identified: spherical (C60), ellipsoid (C70, etc.) and
tubes (Single-Wall and Multi-Wall nanotubes). The specific fullerene investigated in this study
is the spherical C60 molecule.

1.1.2

Chemical & physical properties of C60

The C60 molecule is a closed cage structure consisting of 60 carbon atoms that form 20
hexagonal and 12 pentagonal aromatic rings, forming a larger pi-bond system that contains 90
aromatic bonds. In 1985, Kroto et al. [1] noted that buckminsterfullerene is a truncated
icosahedron with the geometry of a soccer ball, exhibiting Ih symmetry. The diameter of a single
C60 molecule (from nucleus to nucleus from the furthest carbon atoms apart) is about 0.71 nm as
measured by NMR [2].

However, externally, an additional 0.335 nm must be added to the core

diameter, making the total effective diameter around 1.04 nm. The solubility of C60 has been
widely studied. Jafvert et al. [3] reported an aqueous solubility of C60 to be 2.6-8.0 ng/L, about 3
orders of magnitude larger than the estimate made by Heymann et al. [4] of 10-3 ng/L. Ruoff et al.
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[5] described the solubility of C60 in a variety of solvents as well as in some organic solvent
mixtures, and also examined different solvent parameters that promote the solubility, which
includes a large index of refraction, a dielectric constant of about 4, a large molecular volume, etc.
Figure 1.1 shows the symmetrical molecule structure of C60.

Figure 1.1 The symmetrical molecular structure of C60: a truncated icosahedron with 90 bonds.

The C60 molecule is generally considered chemically and thermally stable.

This low

reactivity is different from other aromatic compounds because C60 lacks boundary hydrogen atoms
that make direct aromatic substitution reactions possible.

Zhang and O’Brien et al. [6] compared

the reactivity of C60 to other carbon materials and found that C60 is relatively inert to chemical
attack by small molecules such as NO, SO2, and O2, which are known to be very active free radical
scavengers. This is true because valence requirements of all the carbon atoms in C60 are satisfied
and form a closed edgeless carbon shell with a highly aromatic electronic structure. Despite its
limited reactivity, reactions of C60 have been extensively studied, including: redox reactions [7],
nucleophilic additions and hydrogenation [8, 9], halogenations [8], electrophilic additions and
oxidation [10, 11], and photochemical reactivity and ROS production [12, 13]. The reactivity of
the molecule may increase once initial derivatization occurs.

3

1.1.3

Fullerene applications

Due to its potential wide commercial application, the fullerene market has been growing
rapidly and the production of fullerenes also has increased at an amazing speed. Frontier Carbon
Cooperation (FCC) alone, produced approximately 300 ton/year in 2005 had planned to expand to
a capacity to 1,500 tons/year in 2007 [14]. It is reported that there are close to 1,000 consumer
products that contain nano-scale materials, and fullerene and other carbon-based nanomaterial are
second only to those of nano-silver in these materials [15].

Current uses of fullerenes include superconductivity devices, photodynamic therapy materials,
diamond manufacturing equipment, diagnostic devices, pharmaceuticals, and environmental and
energy industry materials [16].

In addition to pristine (unfunctionalized) fullerenes, some

functionalized fullerenes have extended the applications of these materials.

Potential uses of

functionalized fullerenes include: as proton transformation membranes for fuel cells [17], and as
drug delivery agents [18]. It is noteworthy that some water-soluble fullerene derivatives are
found to inhibit HIV-1 protease by competing for the active site, which means nanomaterial-based
pharmaceuticals for AIDS may not be far away [19].

Given these widespread applications and the increasing production of fullerenes, there is no
doubt that the environmental occurrence of fullerenes will increase, having unknown impacts on
the environment. Therefore, it is important to elucidate the fate and transport processes of
fullerenes under environmental conditions, providing information for the environmental risk
assessment of C60 and other nanomaterial.

4

Figure 1.2 Potential application of Fullerene industry

1.1.4

Fullerene Toxicity

The biological effects of both fullerenes and their derivatives have been intensively studied.
However, for C60 itself, there still is no consistent conclusion for its toxicity in vivo, and this might
be due to the different bio-targets and fullerene doses used by each research group. Moussa et al.
[20] directly suspended C60 particles in culture media and showed no influence on the survival of
human leukocytes; however, Dhawan et al. [21] showed that C60 clusters in the aqueous phase
(known as Aqu/nC60 suspensions) elicited a genotoxic response in human lymphocytes, and that
this toxicity was higher than when the C60 clusters were prepared by ethanol-water solvent
exchange methods. Because of the photochemical reactivity of C60, when in the excited state, it can
convert ground state oxygen (triplet oxygen, 3O2) to singlet oxygen (1O2), as well as form other
ROS (reactive oxygen species) [22]. Therefore, C60 may be responsible for cytotoxicity, with
major result being DNA cleavage [23, 24] and/or cellular structure damage [25]. While the
degree of toxicity of pristine C60 is still debatable, many researchers have shown that with changes
in functionalization, either through chemical derivatization or polymer encapsulation, the
cytotoxicity is greatly enhanced, and the increased solubility and ability to produce ROS might be
responsible for this increase in toxicity [26, 27].

5

The preparation method of C60 solutions or suspensions also is important relative to toxicity.
Recently, it was reported that the toxicity of a C60 preparation was due to trace amounts of THF
(tetrahydrofuran) found in the clusters. The THF was used during the preparation process,
resulting in what is known as THF/nC60.

Henry et al. [28] reported that THF/nC60 was more

significant in decreasing survival of zebrafish larva than Aqu/nC60, and that γ-butyrolacetone (a
product of THF, the LC50 of which was reported at 47 mg/L) might be responsible for why the
THF/nC60 was more toxic. Lyon et al. [29] pointed out that Aqu/nC60 also exhibits relatively
high antibacterial activity compare to Son/nC60 (clusters produced by sonication) and PVP/nC60
(C60 mixed with a stabilizing polymer), the other two common preparation methods; and the
aggregate size and surface area were directly related to the toxicity.

While there is still much debate regarding the toxicity of C60, the exposure of C60 in different
environmental scenarios should be consider also. The magnitude of sorption to soils is very
large.

For example, Arbogast et al. [30] observed only a minimal presence of THF/nC60 in the

aqueous phase when adding 1 μg per gram of soil, or when adding 1000 ug dry C60 powder in
granular form per g of soil and incubating for 180 days.

This suggests that C60 absorbs to the

soil organic matter, limiting its bioavailability in soil environments. Under real environment
conditions, various environmental parameters need to be considered when elucidating the
potential availability and transport of C60.

1.1.5

Photochemical reaction mechanisms for C60

The photochemical reactions of C60 clusters and ROS production under sunlight have been
studied intensively, and it may be considered the most significant reaction pathway under
environmental related conditions. C60, especially in organic solvents, was found to be an
effective electron acceptor (from ground state 0C60 to singlet excited state 1C60) with high
quantum yield (up to 100%) upon irradiation [30].
through intersystem crossing (ISC).

1

C60 is further converted to triplet C60 (3C60)

Subsequently, 3C60 is converted by three major quenching

pathways: quenched by ground state 3O2 through energy transfer, quenched by ground state C60,
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and quenched by another adjacent 3C60. The O2 quenching pathway is reported to be dominant in
the presence of oxygen [30].

Since 3C60 is a better electron acceptor than 0C60, it will accept an

electron from electron donors (such as amines, alcohols, photoexcited metal oxides, etc.) and
transfer it to easily reducible species, oxygen in most cases, producing superoxide radical anion
(O2·-). The following schematic (Figure 1.3) shows this mechanism:

Figure 1.3 Potential ROS production mechanism by C60 under photo irradiation.

During the process of reactive oxygen species (ROS) production, extended irradiation also
can lead to the formation of C60 derivatives and possibly C60 fragmentation. Though large
even-numbered fullerenes (C60, C70) have high resistance to fragmentation [31], some evidence
indicates that reactions leading to open-cage structures do occur and various fragments are
produced.

Further studies are still need in order to fully characterize the chemical structure of

C60 photo-products and their properties.

1.1.6

C60 in the Environment

The environmental fate and transformation processes of fullerenes mainly include their
dispersion in aquatic phases, physical mobility in different porous media, degradation by
organisms, photochemistry reactions, and any combinations of these processes. The degree to
which fullerenes are dispersion, and the process used to dispersion fullerenes can greatly
influence their bioavailability and photochemical reactivity.

Due to its extremely low aqueous

solubility, C60 might tend to precipitate in sediments and absorb to soils and organic matters when
passing through porous media, such as groundwater aquifers. Espinasse et al. [32] compared
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the deposition of fullerol aggregates and Aqu/nC60 clusters within porous medium and found that
nC60 clusters have a ratio of breakthrough concentration over feed concentration (C/C0) of 0.56,
whereas the ratio of fullerol (hydroxylated C60) at steady-state almost near unity. They found
that the deposition of both C60 and fullerol increased at higher ionic strength, and changed (either
increased or decreased) in the presence of different natural organic matter (NOM). Schreiner et
al. [33] demonstrated two white-rot fungi species were able to transform fullerol producing some
CO2, which showed that surface functionalization will influence a nanomaterials reactivity when
the surface chemistry becomes more favorable for enzymatic reaction. These and other studies
show that factors such as surface functionalization, species of organism, presence of NOM,
aqueous pH, and salinity, have crucial influences on nC60 transport and transformation in the
environment.

1.1.7

Mineralization of buckminsterfullerene and fullerene derivatives

The CO2 photo-production rate is an important indicator of the chemical reactivity of
organic materials under solar irradiation. While the characterization of cluster properties (size,
zeta-potential, etc.) and production of ROS have been extensively investigated, the
mineralization of Aqu/nC60 is barely reported.

Hartmann et al. [34] found that aged suspensions

of nC60, prepared by a long-period of stirring with indirect exposure to sunlight, was not
biodegraded in 28 days inoculations, using the 301F OECD test procedure.

Hou et al. [12]

observed the total organic carbon (C60 plus the soluble TOC) concentration decreased from 65
mg/L to 11.3 mg/L after 65 days under irradiation with 8 UVA lamps (300-400 nm wavelength,
centered at 350 nm), indicating that C60 may undergoes three pathways: mineralization to CO2,
conversion to volatile organic compounds, or polymerization. Alternately, loss to the filter was
also a stated possibility. Hwang et al. [35] observed no mineralization of aqueous nC60
suspensions after 180 hours UVA lamp irradiation; however, for fullerol solutions, TOC reduction
was substantial, suggesting the hydrophilic functionalized fullerol was more susceptible to
photochemical transformation. Kong et al. [36] measured the photo-mineralization kinetics of
fullerol under simulated solar irradiation and showed the ratio of dissolved inorganic carbon
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(DIC) produced to the initial fullerol concentration increased with irradiation time and eventually
reached a plateau after about 100 hours of exposure. About 47% mineralization to CO2 was
observed at 100 hours.

Aqu/nC60 is relatively recalcitrant to bio- or photo- degradation

compared to functionalized C60. Yet, the potential to mineralize C60 in aqueous suspensions
requires further investigation at longer irradiation times, and under relevant environmental
conditions.

1.2 Research Objectives

Since little information exists on the mineralization of C60 in aqueous suspensions of nC60
under sunlight, the need still exists to examine whether CO2 is evoluted in such systems. This
information is important for developing a proper environmental risk assessment for C60. As a
result, this study focused on potential mineralization of nC60 clusters in aqueous suspensions by
following inorganic carbon (i.e. CO2) production from Aqu/nC60 clusters under long time solar
and simulated solar irradiation.

In experiments, the volume of CO2 in the headspace under both

conditions (solar irradiation and lamp irradiation) was measured. In addition, the change in C60
concentration, average cluster size, and changes in UV/Visible absorbance that reflect the parent
chemical concentration and physical structure were measured in order to get a better
understanding of the transformations of Aqu/nC60 under different irradiation conditions. To our
best knowledge, this is the first study that suggests CO2 production from Aqu/nC60 clusters
occurs under solar irradiation.

9

2. MATERIALS AND METHODS

2.1 Materials

Sublimed C60 (99.9%) was purchased from the MER Corp (Tucson, AZ).
solution for acidification was bought from Mallinchrodt Chemicals.

The 85% H3PO4

All other chemicals were

of the highest purity available and used as received. All aqueous solutions were prepared using
water purified with a Barnstead Nanopure system (Dubuque, IA). Toluene and methanol that
were used for liquid chromatography were HPLC grade.

2.2 Solar Irradiation Methods

Aqu/nC60 clusters were prepared by a modified method reported by Duncan et al. [37].
Coarse particles of C60 (as purchased) was pulverized with a mortar and pestle to a fine black
powder. C60 pulverized powder (800 mg) was mixed with 1 L water (i.e. initial C60 to water
ratio was 800 mg/L).

The solution was sonicated for about 6 hours and stirred for two weeks on

a bench-top open air shaker (New Brunswick Scientific Inc.) to produce a relatively
homogeneous nC60 cluster suspension. An Aqu/nC60 suspension for solar irradiation was made
without adding salts or buffers to avoid potential interferences.

After the extensive stirring, the

solution was allowed to sit for 4 days and the supernatant (95% of the solution by volume) was
taken out and stored as a stock Aqu/nC60 solution for the solar irradiation experiments and for
future characterization.

Filtration was not used to ensure a greater mass of carbon to achieve

sufficient CO2 production. The final concentration of C60 in the stock suspension was measured
at 14.83 mg/L using liquid chromatography.

Samples were placed into 16 mL clear glass vials

(21 mm O.D. × 70 mm long, National Scientific Inc.). A headspace to liquid ratio of 3:5 was
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used to provide a sufficient oxygen mass for complete oxidative photodegradation to occur
(about 24.3% of the available oxygen in the headspace gas would be required for complete
mineralization under the test concentration of 14.83 mg/L).

Each vial was sealed with a natural

rubber sleeve stopper (13 × 20 mm I.D. × O.D., VWR Inc.). To ensure the best seal to prevent
leaking, a copper wire was wrapped around the sleeve stopper tightly. Headspace tests were
conducted to ensure no leakage.

For each time point, three replicate samples were irradiated

and then analyzed for headspace CO2 production and then pH.

C60 concentration, UV-Vis

absorbance, and cluster size were also measured at the same time. Dark controls were prepared in
the same manner except these vials were wrapped with aluminum foil. The same number of dark
control samples were analyzed at each time point.

Solar irradiation. The 16 mL vials prepared with the above method were directly used for
solar irradiation and the stoppers were wrapped with white cloth to avoid any damage during
irradiation. Samples were irradiated on the roof of the Civil Engineering Building of Purdue
University (West Lafayette, IN, 86° 55′ W, 40° 26′ N) from May 25, 2012 to September 22, 2012.
The irradiated samples and dark control samples (wrapped with aluminum foil) were prepared in
the same manner and attached to a black panel to be exposed to sunlight (Figure 2.1). The whole
set of samples was placed on the roof facing the south in order to get a relatively even
distribution of solar light during the irradiation period. The solar intensity data for the irradiation
period can be obtained from the USDA UV-B Monitoring and Research Program that maintains a
monitoring station within 5 miles of where the irradiation experiment occurred
(http://nadp.nrel.colostate.edu/UVB/index.jsf).

Figure 2.1 Solar irradiation of Aqu/nC60 samples and dark controls, on the roof of the Civil
Engineering Building, Purdue University (West Lafayette, IN, 86° 55′ W, 40° 26′ N)

11

2.3 Lamp Irradiation Methods
The methods for preparing the lamp irradiated samples were the same except for that the
initial C60 concentration was 540 mg/800 mL. Stock Aqu/nC60 was buffered to pH 7 with 5 mM
phosphate buffer by adding appropriate ratios of KH2PO4 and K2HPO4 (stock buffer
concentrations were 1 M, and the ratios is 230 μL K2HPO4 + 270 μL KH2PO4 in 100 mL solution;
the high stock buffer concentration is to reduce the volume of the buffer added, in order to
minimize the C60 concentration change). Filtration was not applied to ensure a certain amount
of carbon mass for sufficient CO2 production. In order to observe significant CO2 production,
the concentration of the Aqu/nC60 was increased by centrifugation and resuspension. The original
Aqu/nC60 was centrifuged using the 30 mL centrifuge tubes (Sorvall RC-5B Refrigerated super
speed centrifuge, 5000 rpm for 40 min), and after centrifugation, half the volume of the
supernatant was removed and the precipitate was resuspended. The Centrifuge process was
repeated twice to make sure that most of the C60 clusters were collected.

In this way, the

original 800 mL Aqu/nC60 suspension was concentrated to about 500 mL. The final C60
concentration was measured to be 48.5 mg/L.

Since the background total inorganic carbon (TIC) cannot be neglected (about 0.015 mg TIC
in a 16 mL vial containing 6 mL headspace and 10 mL suspension was tested prior to sparging
with CO2-free air), the stock Aqu/nC60 suspension was sparged with CO2-free air and transferred
to a series of vials in a CO2-free air glove box (Figure 2.2) according to the following procedure.
About 500 mL buffered (pH=7) Aqu/nC60 stock solution was sparged with CO2-free air at pH 4.3
(adjusted by adding 100 μL 11.8 M HCl) in a 500 mL sparger. Two other spargers preceded the
sparger containing the nC60 clusters. In order to reduce the trace CO2 in the CO2-free air, 500
mL 0.5 M NaOH solution was added to the first sparger; glass wool was wrapped inside the
second sparger (125 mL) to absorb any residual water and NaOH from the first sparger. The
solution was sparged for two days at a flow rate of ~220 mL/min.
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Figure 2.2 Sparged sample (left) and the CO2-free glove box (right)

All necessary materials were transferred to the glove box before sparging the box, and it was
tested for leaks with dry ice to ensure that it was tightly sealed.

First, the glove box was sparged

with N2 for >48 hrs at ~400 mL/min (approximately 10 times the volume of the glove box).
CO2-free air was then sparged into the box for >15 hrs and the box was continued to be sparged
during the experiment at a flow rate of ~300 mL/min. In the glove box, the pH of the sparged
Aqu/nC60 suspension was adjusted to pH 7 using a concentrated NaOH solution (2 M, prepared
by dissolving NaOH pellets in CO2-free air sparged water), and subsamples were transferred to
16 mL clear glass vials. A headspace to liquid ratio of 3:5 was used.

About 69% of the

available oxygen in the headspace gas would be required for complete mineralization at the
experimental concentration of C60 (~48.5 mg/L).

Each vial was sealed with a natural rubber

sleeve stopper (13×20 mm I.D. × O.D., VWR Inc.). To prevent any gas leaking, two cable ties
were wrapped around the sleeve stopper. For each time point, three replicate irradiated samples
were sacrificed: two were used for CO2 measurement, and one for other analyses. The same
numbers of dark control vials (3) were sacrificed at each sampling time.

The background CO2 concentration was reduced to 5.79×10-5 mol/L in the headspace and
TIC was calculated to be 0.0095 mg in each 16 mL vial, which is equal to 1.98% of the total
carbon mass of C60 under the test conditions. The final ionic strength was a function of the buffer,
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of the HCl added for acidification during the initial sparging, and by the NaOH added to bring the
pH back to pH 7 prior to irradiation. No additional salts were added allowing the ionic strength to
be calculated at 11.64 mM, which was in the range for Aqu/nC60 clusters to be stable [38].

Lamp irradiation.

Lamp irradiated samples were irradiated in a Rayonet merry-go-round

photochemical reactor (RPR-100, Southern New England Ultraviolet (SNEU) Co., Branford, CT).
The temperature during lamp irradiation was near 25 C by using the cooling fan built into the
reactor.

Sample vials are placed on one of three white panels at the center of the

merry-go-round reactor and rotated at 5 rpm to ensure uniform light exposure (Figure 2.3).
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black-light phosphor lamps (wavelength range: 300~410 nm, centered at 350 nm) were used.
The light intensity in this reactor with the 16 lamps was measured with the chemical actinometer
potassium ferrioxalate at 1.64×10-4 einsteins L-1s-1 for 10 mL solution volumes in the 16 mL vials
used.

Dark control vials were prepared in the same manner and wrapping with aluminum foil

and placed in the dark. All vials were shaken frequently to ensure a relatively homogeneous
aqueous suspension.

Figure 2.3 Rayonet merry-go-round photochemical reactor front view (left), and the three layers
of sample panels on the merry-go-round (right)

The lamp and solar irradiation experiments were different in many ways, and Table 2.1
gives a summary comparison of the sample preparation methods between the two experiments.
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Table 2.1 Comparison of samples irradiated by solar and lamp light
Acidification

Over

before

pressurize in

sampling

sampling

No

No

Background
pH
TIC

Solar

Initial C60

TIC

Concentration

calculation

Non-

All IC
0.0155 mg

Irradiation

buffered

Lamp

Buffered

Irradiation

to ~7

14.8 mg/L
species

0.0095 mg

Yes

Yes

48.5 mg/L

Only CO2

2.4 Analysis Methods

Headspace CO2 concentration.

Acidification was applied to lamp irradiated samples before

analyzing for CO2. Acidification was not used for solar irradiation samples. The principle of
acidification is that at low pH and under equilibrium conditions (at 25 C), all inorganic carbon
transfer to the CO2 form, and distribute between the aqueous phase and the headspace is solely
based on Henry’s constant for CO2.

Once the gas phase CO2 concentration is measured, the

total inorganic carbon (TIC) in the sample can be calculated by adding the amount of CO2
measured in the gas phase (measured by TGA-IRMS) and the calculated CO2 in the aqueous
phase (calculated by Henry’s constant). The background CO2 measured at the initial time is
subtracted. For acidification, concentrated phosphoric acid (85% w/w) was injected into each
vial in a ratio tested before hand necessary to reduce the pH to less than 2 (60 μL / 10mL).
Acidified samples were mixed on a vortex mixer, and the vials were allowed to sit overnight
before a 3 mL sample was taken from the headspace for gas analysis.

For the solar irradiated samples, 3 mL gas sample was directly taken from the headspace of
each vial and injected into the 12 mL special gas tight tube (LabcoExetainer®, Labco Limited.),
which was vacuumed in advance.

For lamp irradiated samples, an overpressure method was
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applied to prevent air from entering the syringe after it was pulled out from the vial (increasing
the pressure in the close system prior to extracting the 3 mL). Specifically, 3 mL He gas was
injected into each vial first to pressurize the headspace, (the specific method is described in the
Appendix), and 3 mL of the well mixed headspace was removed and immediately injected into
the 12 mL gas tight tube. In this way, though the CO2 gas concentration was diluted by 2/3 (6
mL headspace to 9 mL by over-pressurization) of the original concentration, no additional CO2 in
the air would enter the syringe due to it having a pressure less than atmospheric. All lamp
irradiated samples, including the associated dark control samples were measured in this way.

The CO2 in the headspace was measured using a PDZ-Europa trace gas analyzer in
conjunction with a 20/20 PDZ-Europa isotope ratio mass spectrometer (TGA-IRMS, Secon,
Crewe, UK).

Briefly, special gas tight tubes containing a 3 mL aliquot of the headspace gas

were flushed at 10 times the volume with high purity helium; the efflux from the tubes was
collected and concentrated in a series of liquid nitrogen cryotraps.

After flushing, the cryotraps

were raised from the liquid nitrogen and the collected gases were passed into the IRMS where
they were ionized by electron impact before being accelerated into the flight tube.

While

passing through the flight tube a magnetic field is applied to the ions, deflecting them towards
detectors based on their velocity.

A series of 3 Faraday cups is used for detection of CO2

isotopologues (masses 44, 45, 46 AMU). Measured beam area was then converted to volume (μL)
based on standard curve.

The CO2 concentration (mole/L) in each sample headspace was calculated from the measured
CO2 volume and subsample dilution ratio. The CO2 concentration in the aqueous phase was
calculated based on the equations below:

Cg = Vmeasured ÷ Vsampled ÷ RT

(1)

Caq = Cg × K H

(2)
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Where,
Cg: Concentration of CO2 in the headspace, mole/L (multiply by 3/2 for lamp experiments);
Caq: CO2 concentration in the aqueous phase, mole/L;
Vmeasured: CO2 volume measured by TGA-IRMS, μL;
Vsampled: sub-sampled volume, 3,000 μL;
KH: [CO2]g(M)/[CO2]aq(M), dimensionless Henry’s constant, equal to 0.7731 at 25℃ (Stumm
and Morgan, 1996, page 150);
R: Universal Gas constant, 0.08206 L· atm/(K· mole) at 1atm;
T: Temperature, 25℃ (298.15K) was used

Different TIC (total inorganic carbon) calculation methods were necessary for each of the
different irradiation experiments, since different sampling methods were used (non-acidification
for solar irradiation, and acidification for lamp irradiation).

Calculation Method 1 is described

below and was used for the non-acidified samples with known pH, which considered all
inorganic carbon species. Calculation Method 2 was used for the acidified samples, where only
CO2 in each phase needs to be considered.

The equations of Calculation Method 1 are given below (for solar irradiated samples without
acidification) and the derivation is provided in the Appendix:

=

=

T C = Cg ×

[H ]×

× Vaq

Vg ×

×
[H ] ×

×

(3)
(4)

The equation used in Calculation Method 2 is given below (for lamp irradiated samples with
acidification):
T C = Cg × Vg

Caq × Vaq ×

×

(5)
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Where,
: Ratio of aqueous CO2 concentration to total inorganic carbon species, [CO2]aq/[CT]
𝛽: Equilibrium constant for CO2 solubility (i.e., Henry’s constant) (Caq/Cg), 0.7731, M/M
K1: Constant for [CO2]aq/[H2CO3], 700;
*Ka1: Acid dissociation constant of H2CO3, 3. 6 ×
*Ka2: Acid dissociation constant of HCO3- , 5.

4

×

;
;

[H + ]: Proton concentration based on the known pH, M
Vg: Volume of headspace, 0.006 L
Vaq: Volume of aqueous phase, 0.01 L
TICt: Total inorganic carbon at measured time point, mg
* See Stumm & Morgan, 1996, p. 150, at T=25℃

The percentage of photo-degradation (% D) was calculated at each sampling time to observe
the kinetic process.

Also, to identify the percentage of the intermediate products that were

either derivatized-C60 carbon or cage-opened fragments of C60, the term “altered-C60”was used
since “unaltered C60” was used previously to refer the parent C60 cages [39]. The altered-C60
does not have to be dissolved carbon and can be present in many different forms. The total mass
of this broad range of carbon was calculated and the percent altered-C60 was calculated using the
equations below:
%D =

TI t TI b
T

×

(6)

altered − C6 = TOC − C6
% altered − C6
%T C =

=

al ered
T

T C − Cbg
6

TI t I bg
T

Where,
TICt: Total inorganic carbon in irradiated sample at time point t, mg;
TICb: Total inorganic carbon in dark control sample vials at time point t, mg;
TOC0: Total organic carbon initially added to the sample vials, mg;

(7)
(8)
(9)
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C60,t: Total mass of C60 (measured by HPLC) at each time point, mg;
altered-C60: Total mass of intermediate photo products of C60, mg;
ICbg: Background inorganic carbon initially, mg;

C60 concentration. The concentration of C60 was measured by HPLC after toluene-salt
extraction [12] with slight modification to the extraction method, by extending the mixing time.
Specifically, a 3 mL suspension of a Aqu/nC60 sample, 3 mL toluene and 1.2 mL 0.1M Mg(ClO4)2
(5:5:2) were add together in a 15 mL glass centrifuge tube (Kimble Chase LLC.) and put on a
tube rotator (Glas-Col LLC) to mix for 24 hours at a speed of 65 rpm.

Mg(ClO4)2 was added to

destabilize the nC60 clusters to facilitate the transfer of molecular C60 to the toluene phase. The
resulted two separated phases were centrifuged for 1 hour at 3000 rpm (Sorvall RC-5B
Refrigerated super speed centrifuge). A portion of the upper toluene phase was carefully taken
out for HPLC analysis (Varian Prostar Liquid Chromatography System).

The C60 concentration in toluene was determined by separation on a COSMOSIL Buckprep
column (25 cm ×4.6mm I.D., 5μm particle size) with the detection wavelength set at 336 nm. The
mobile phase was 100% toluene at a flow rate of 1 ml/min.

The Run time was 12 min and the

injection volume was 80 μL. A standard curve was created every time that C60 was quantified (i.e.,
at each time point).

The extraction efficiency of C60 into toluene was tested before measuring the C60
concentrations in samples, since decreasing C60 concentrations caused by photo-transformation
may cause a change in the extraction efficiency [35]. This was tested by performing multiply
extractions on two samples. The two samples tested were not irradiated but had different
concentrations of Aqua/nC60.

Based on preliminary HPLC results, the extraction efficiency for

two Aqu/nC60 suspensions at different concentrations were calculated by dividing the
concentration of the first extraction by the total concentration measured after three sequential
extractions. The results are showed in Table 2.2. Though slightly below 100% efficient, this
method resulted in sufficient extraction efficiency for C60 under the testing conditions.
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Table 2.2 Extraction efficiency for two different Aqu/nC60 suspensions
Aqu/nC60 Samples

First Extracted Concentration

Extraction efficiency

Low Concentration (~200mg/L)

3.5 mg/L

95.6%

High Concentration (~600mg/L)

15.2 mg/L

99.1%

Cluster size and zeta potential. Aqu/nC60 cluster size was measured using dynamic light
scattering (DLS) with a zeta sizer NanoZS (Malvern Instruments, Worcestershire, U.K.), at a
temperature of 25 C. The polydispersity index (PDI) and surface zeta potential were measured
at the same time.

The equilibration time was set at 60 seconds to insure a constant temperature

of 25 C. A DTS1060C-clear disposable zeta cell was used for all the measurements. Other
parameters were set as default. Three replicate data were obtained for each measurement.

pH and Absorbance Spectra.

The pH of all suspensions was measured with an Accumet

925 pH/ion Meter (Fisher Scientific Inc.). The UV-Visible absorbance spectra were recorded
with a Varian Cary 50 UV/Vis Spectrophotometer.
directly.

Samples for solar irradiation were measured

However, since the samples for lamp irradiation had a high initial concentration of

nC60 clusters, the very dark color would have affected the accuracy of the absorbance spectrum.
Hence the Aqu/nC60 used in the lamp irradiation experiments was diluted 5 times (mixing 1 mL
sample solution with 4 mL water) before measuring the absorbance at each time point. All
Aqu/nC60 samples were transferred to a quartz cuvette with a 1 cm path length. The scan
wavelength range was from 200-800 nm.
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3. RESULTS AND DISCUSSION

3.1 Solar Irradiation

The pH and physical color gradually changed over the solar irradiation period from May 25
to September 22, 2012.

Samples irradiated for 10, 45, 120 days were collected for data analysis.

The color of the aqueous solution changed from dark brown to light yellow with little reddish
tone (Figure 3.1), and the UV-Vis spectra confirmed the color change (discussed later).

Figure 3.1 Color change for Aqu/nC60 under solar irradiation (left to right: 10, 45, 120 days)

Figure 3.2 pH changes with irradiation time for solar irradiated sample
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This change in color obviously comes from loss of aromaticity of the parent C60, and loss of
light scattering by the nC60 clusters upon their loss and/or size reduction. The pH change during
the irradiation period is shown in Figure 3.2. Since the Aqu/nC60 suspensions in the solar
irradiation experiment were not buffered, the pH decreased to below 5 in the irradiated samples.
This is likely due to photo-oxidation, leading to the formation of acidic functional groups such as
carboxyl groups and polyhydroxyl groups on the C60. Oxidation may lead to the negative
surface charge on the nC60 clusters as well as to the decreasing pH. The reason for the pH drop
also may be due to the production of CO2 which at pH 4-7 will form bicarbonate, HCO3-.

The diameter of the Clusters (d, nm), their polydispersivity index (PDI), and their zeta
potential were measured at each time point (10, 45, 120 days) with a zeta sizer ZanoZS. The
fact that Aqu/nC60 clusters disaggregate after long periods of irradiation in pH-buffered aqueous
suspensions has been reported by other investigators [12, 40]. However, an increase in the
average cluster size was observed as shown by Figure 3.3 for the solar irradiated samples.

Compared to the reports using buffers (including the later discussion of the lamp irradiated
samples), the increase in average cluster size was likely due to the decrease in pH in the
un-buffered samples. The decreasing pH may cause aggregation of the clusters, even as the
individual clusters decrease in size. The change in polydispersivity index (PDI) for the solar
irradiated samples also is shown in Figure 3.3. PDI is an index that describes the size
distribution of the sample, and the maximum value of 1 means the sample has a very wide size
distribution range and may contain large particle or aggregates that could slowly sediment.
Keeping in mind that different factors affect the measured cluster size, the polydispersivity index
increased for the solar irradiated samples, and remained nearly constant for the dark control
samples. The changes in PDI and mean cluster size together indicate that the irradiated clusters
had a wider size distribution with an average increase in size. Clearly, these changes result from
the solar irradiation and the resulting decrease in pH that occurs during irradiation. The zeta
potential (ζ) was measured at the same time using the zeta sizer NanoNS instrument, to evaluate
the stability of the Aqu/nC60 suspensions.

Generally, a larger absolute value of the zeta potential
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means that particle will repel each other due to a greater negative or positive charge, and the
suspensions will remain stable for a longer time (ζ > 30 mV or ζ < -30 mV in water). When the
values are closer to 0 mV (-30 mV < ζ < 30 mV), the dispersion will be less stable and
aggregation may occur in a short period of time.

Zeta potential is influenced by pH, and for

carboxylated materials, a lower pH make the absolute value of ζ closer to 0 mV.

The increase of

zeta potential is shown in Figure 3.4. This increase in zeta potential leads to the attraction of
adjacent clusters, which further causes unstable conditions and a growth in the average cluster
size for the un-buffered irradiated suspensions.

For the dark control samples, the zeta potential

values remain at about -30 mV, which is near the boundary for stable and unstable conditions.

Figure 3.3 Aqu/nC60 cluster size (left) and PDI change (right) for Aqu/nC60 clusters with and
without solar irradiation
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Figure 3.4 Zeta potential of Aqu/nC60 clusters with and without solar irradiation

Figure 3.5 shows the UV-Visible absorbance change for the solar irradiated samples.

After

exposed on the roof for 120 days, the absorbance for wavelengths above 280 nm decreased.

At

wavelengths below about 280 nm, the absorbance increased for the irradiated samples compared
to the dark control samples, which is an indication of photoreaction of C60. When comparing
samples at each time point (data not shown), an initial increase was observed below 300 nm,
followed by a slightly decrease over time.

This agrees with a previous report [12] that indicated

changes in nC60 photo-product concentrations. The three characteristic absorbance bands also
dampened as irradiation proceeded.

Figure 3.5 UV-Vis absorbance of Aqu/nC60 after 120 days of solar irradiation; The molar
absorptivity of fullerol is provided at the right for comparison.
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The absorbance band at about 360 nm decreased and almost disappeared by the end of the
irradiation period, and the maximum peak (λmax) underwent a blue shift from 362 nm (dark
control) to 345 nm after 120 days of irradiation (Figure 3.6). This band is generally thought to
arise from interactions between the C60 cluster surface and the solvent molecules through either
π-π interactions (in apolar solvents) or charge transfer interactions (in polar solvents). Less
interaction between water molecules and the nC60 surface will result in a blue shift of λmax [41,
42].

For these clusters that aggregated under the un-buffered irradiation conditions, either the

total surface area decreased with increasing average cluster size, or surface functionalization
changed the aromaticity and interactions (with water). Both of these potential changes could
reduce the absorbance of this peak and cause a blue shift in λmax as shown in Figure 3.6.

Figure 3.6 The change in the wavelength of λmax during the 120 day solar irradiation period

The typical broad band between 400-600 nm decreased after 120 days of solar exposure.
The origin of this band has been discussed in several papers, and different reasons for it have
been suggested, including: 1) the presence of weak donor-acceptor (DA) complexes of nC60 with
water or other aqueous constituents that serve as electron donors [41]; 2) the presence of solid
crystalline C60, generating close electronic interactions among adjacent C60 molecules [42], and
Rayleigh scattering.

Based on the changes in cluster size and PDI, it is possible that the first

and last hypotheses are responsible for the formation of this continuous broad band. Similar to
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the ~360 nm band, the effect of donor-acceptor complexes on the surface may largely depend on
the total surface area.

After 120 days of solar exposure, it is likely that all surfaces of the

clusters (and parts of all C60 molecules in these clusters) have been functionalized with different
functional groups, such as hydroxyl (C-OH), ether (C-O-C), carboxyl (O=C-O), carbonyl (C=O),
and hemiketal (RO-C-OH) groups.

The band centered at ~280 nm has been rarely studied and some reports attribute it to
different electronic transitions [42]. The major changes in the UV-Visible spectrum in this
region come from a decrease in C60 concentration and an increase in photo-products. This band
at ~280 nm nearly disappears as it is consumed by the large absorbance band at lower
wavelengths, most likely due to hydrophilic surface groups that have been extensively studied by
FTIR, 13C NMR.

Comparing the spectrum of the irradiated sample to that of a fullerol

(C60(OH)x) aqueous solution, it is obvious that the irradiated Aqu/nC60 suspension has similar
characteristics, further suggesting that the hydroxylation and other oxidation reactions occur
during solar irradiation.

The C60 concentration in the irradiated and dark control samples were measured at each
sampling time point. The C60 concentration decreased rapidly during the first several days and
greater than 80% of original C60 was lost after 10 days of solar irradiation (Figure 3.7). This is
the C60 concentration without any functionalization, so the loss of C60 may be due to
functionalization of the cage structure, and/or further processing that leads to cage opening and
mineralization. Additionally, some loss is likely due to decreasing extraction efficiency as the
constituents in the clusters change.

Indeed, the dark controls also showed a decrease in

concentration, but at a much reduced rate compared to the irradiated samples. Early reports [43]
indicate that solid C60 (crystalline or as thin films) is reactive to molecular oxygen under mild
conditions in the dark, leading to several carbon sub-oxides (above 300K) and even to CO2 when
higher temperature was applied (>400 K). However, others have seen no reactivity of nC60 in
the dark [12, 13] suggesting that the observed loss is simply due to low extraction efficiency, or
stray light entered the tubes.
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Figure 3.7 C60 concentration change in Aqu/nC60 suspensions for solar irradiation samples

Liquid chromatography of the toluene phase shows that certain photo-products also were
extracted into the toluene phase, and were detected along with the parent C60 using the reported
column and elute method (Figure 3.8).

For the Buckyprep column, fullerene derivatives will

elute before C60 due to their reduced interactions with the stationary phase compared to C60.
These photoproducts are likely the C60 cage with one or more hydroxyl or other hydrophilic
groups attached, and that are somewhat more polar than C60, but still nonpolar enough to dissolve
in the toluene phase. They will have reduced - interaction with the stationary phase compared
to C60, and therefore will elute before C60.

Other small peaks that elute after the C60 peak could

be various C60 dimers (C120, C120O, etc.) [44-46] that have stronger pi-pi interaction with the
stationary phase compared to the parent C60. A small peak right after the C60 peak was also
observed (figure is shown in lamp irradiation section) which is known to be C60O [44, 46].
Further investigations such as Mass Spectrometry coupled with more sophisticated extraction
methods are still needed to identify the chemical structure of these significant peaks as well as
other non-extracted products.
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Figure 3.8 Chromatograph of toluene extract of Aqu/nC60 cluster (upper left: 10 days irradiated;
upper right: 10 days dark control; lower left: 120 days irradiated; lower right: 120 days dark
control. The retention time for C60 is ~8.3 min; The retention time for the major photoproduct is
~3.9 min)

Headspace CO2 concentration and total inorganic carbon concentration were measured and
calculated in order to observe the mineralization of nC60 clusters.

As Figure 3.9 indicates, there

was a large difference between the irradiated samples and the dark controls regarding the CO2
concentrations in the headspaces. This large difference was due mainly to a pH effect that
caused the different forms of inorganic carbon to form at the difference pH values of the
irradiated and dark control samples. At the low pH of the irradiated samples, most of the
inorganic carbon in the water phase was converted to CO2, resulting in a high headspace
concentration of CO2 gas. Therefore, based on the definition of mineralization, the
mineralization of Aqu/nC60 under solar light needs to be calculated based on an increase in TIC,
not simply an increase in the gas phase CO2.
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Figure 3.10 shows the changes in TIC in the irradiated and dark control samples over time.
The total inorganic carbon mass was calculated using the TIC calculation method 1 (for
non-acidified samples) and the results including the CO2 concentration in the headspaces and
aqueous phases are listed in Table 3.1. The background CO2 was included in the TIC for both
irradiated samples and dark controls since sparging with CO2-free air was not applied to these
solar irradiation samples. The background inorganic carbon per tube (water and gas) was
calculated from the headspace measurements to be approximately 0.015 mg for the 10 mL water
samples, yet the final mass of total inorganic carbon after 120 days was calculated to be
approximately 0.06 mg in the dark control samples. In the irradiated tubes, the final mass after
120 days was 0.072 mg.

This implies that 38% of the total carbon was mineralized to inorganic

carbon, however, it is more probable that diffusion of CO2 into each tube occurred, resulting in
the higher background concentration in the dark control samples at the termination of the
experiment. The difference at 120 between the dark control samples and the irradiated sample,
however does suggest that some mineralization did occur.

Figure 3.9 CO2 concentration measured by TGA-IRMS (trace gas analyzer-isotope ratio mass
spectrometer) for solar irradiation samples
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Figure 3.10 Calculated total inorganic carbon (TIC) and % TIC change for solar irradiated
samples

Table 3.1 Summary of CO2 concentrations and TIC for irradiated samples and dark controls
Sample name

CO2 / 3 mL sample

CO2 (M, gas)

CO2 (M, aq)

TIC

TIC/initial

(μL)

(μMole)

(mole/L)

(μmole/L)

(mole/L)

(μmole/L)

(mg)

(%)

10

15.1722

0.6111

2.07E-04

206.7618

1.60E-04

159.85

0.0377

14.9696

45

23.5618

0.9491

3.21E-04

321.0924

2.48E-04

248.24

0.0549

26.5748

120

31.2907

1.2604

4.26E-04

426.4200

3.30E-04

204.04

0.0720

38.1186

10

5.5592

0.2239

7.58E-05

75.7592

5.86E-05

58.57

0.0369

14.4427

45

4.7065

0.1896

6.41E-05

64.1386

4.96E-05

49.59

0.0515

24.2751

120

3.8555

0.1553

5.25E-05

52.5416

4.06E-05

54.08

0.0581

28.7718

Days

Irradiated
samples

Dark
Controls

Equation 6 was used to calculate the percent of carbon mineralization (i.e., conversion of
C60-carbon to CO2-carbon and reported as %D). The major problem with this approach is the
high CO2 concentration measured in the dark control samples, suggesting that the CO2 in the
irradiated samples could all be due to analytical artifacts, including possible diffusion of CO2 into
the vials during the 120 day experiment. Despite this concern, the calculated concentration of
CO2 in the vials at 45 and 120 days was always higher in the irradiated samples, strongly
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suggesting mineralization did occur to some extent. As a result, the values of %D were
calculated at each sampling time point and reported in Table 3.2. The initial carbon mass (all in
C60 form) was 0.1483 mg, and initial background inorganic carbon (ICbg) was 0.0155 mg.

Table 3.2 Summary of Carbon Mass in different forms, and % (altered-C60) & %D
Time
Days

C60 concentration
mg/mL

mg/L

C60

TIC

C60+TIC-ICbg

altered-C60

mg

mg

mg

mg

% altered-C60

%D

Irradiated Samples
0

0.01483

14.82723

0.14827

0.01547

0.14827

0.00000

0.00000

0.00000

10

0.00127

1.26763

0.01268

0.03766

0.03487

0.11340

76.48108

0.52684

45

0.00005

0.04511

0.00045

0.05487

0.03985

0.10842

73.12101

2.29963

120

0.00000

0.00000

0.00000

0.07199

0.05652

0.09175

61.88136

9.34685

Dark Controls
0

0.01483

14.82723

0.14827

0.01547

0.14827

0.00000

0.00000

10

0.00909

9.09344

0.09093

0.03688

0.11235

0.03592

24.22792

45

0.00717

7.17245

0.07172

0.05146

0.10772

0.04055

27.35133

120

0.00687

6.86741

0.06867

0.05813

0.11133

0.03694

24.91202

The resulting values of %D are plotted on Figure 3.11 as a function or irradiation time and
indicate that after 120 days solar exposure, potentially, 9% of the C60-carbon was mineralized.
Note that the calculated %(altered-C60) first increases within the first 10-20 days, and that
decreases slightly over the next 100 days of irradiation (Figure 3.12). The increase in CO2 in
the irradiated samples corresponds with the slow decrease in Altered-CO2, presumably as the
functionalized C60 reacts further to produce CO2.

While a plateau in CO2 concentration was not

reached in this experiment, it should be note that Hwang et al. [35] reported a steady ratio of
[TOC]t/[TOC]0 for a fullerol suspension which suggests that the extent of C60 mineralization has
an upper-limit and complete mineralization of C60 cannot be achieved photochemically. This is
perfectly logical, as continued loss of double bonds in functionalized C60 clearly would result in
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organic products that do not absorb light within the solar spectrum, essentially prohibiting further
photochemical reaction.

Figure 3.11 Percentage of carbon converted to CO2 in an Aqu/nC60 suspension during solar
irradiation

Figure 3.12 Calculated %(altered-C60) as a function of time under solar irradiation

Without correcting for the increase in CO2 concentrations observed in the dark control
samples, Figure 3.13 graphs the percentage of carbon mass in the parent C60, in the altered-C60, and
in the total inorganic carbon as a function of time in the irradiated vials. Because the altered-C60
(or functionalized C60 plus any fragments) is calculated by difference, the total mass in all three
forms is constant and equal to the initial C60 mass of 0.148 mg in 10 mL suspensions. As solar
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irradiation proceeded, the carbon in parent C60 decreased rapidly and carbon in the other two forms
increased. Note, that the measured loss of C60-carbon may be over-estimated due to problems
with extraction efficiency as noted before. However, C60-carbon does likely approach zero during
the experiment, as the concentration measured after 45 days was very low, and even if the
extraction efficiency was only 50%, the resulting concentrations at 45 and 120 days is negligible.
The figure suggests that under the experimental solar irradiation conditions, the altered-C60
products (functionalized C60 and any fragments) are the dominate form of carbon remaining in the
system after 20 days. The mass of altered-C60 then decreased slowly producing some inorganic
carbon (i.e., CO2). This summary figure, while potentially having imprecision in the reported
values due to errors in (1) extraction efficiency of C60, and (2) leakage of CO2 into the vials, gives
a general understanding of C60 photo transformation into the major categories of (1) organic
intermediates and products, and (2) inorganic carbon.

Figure 3.13 Relative carbon mass changes between the three different forms during solar
irradiation.

The isotopic signatures of 13C/12C ratio in the 3 mL CO2 samples were measured at the
same time as the CO2 volumes. 13C/12C ratio is expressed by its deviation from a working
reference (V-PDB, Vienna Pee-Dee-Belemnite was used in most cases, its 13C/12C isotope ratio or
RPDB is 0.0112372). The results for the isotope deviation (δ13Csample/PDB, ‰) are shown in Figure
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3.14.

A more negative value indicates a lower 13C/12C ratio in the sample gas. This figure

reveals that as irradiation occurred, the content of 12C in the headspace was increasing and the
produced CO2 became more and more 13C-depleted. Since 12CO2 is easier to get into the gas
phase, the Henry’s constant (CO2, aq/CO2, gas) for 12CO2 will be smaller than that of 13CO2. This
difference results in a lower ratio of 13C/12C in the headspace, and most 13CO2 existed as HCO3form in the aqueous phase. When the C60 is exposed to solar irradiation, it is also expected that
singlet oxygen would attack 12C-12C more easily.

Therefore, as the reaction proceeds, lighter

12

C isotopes would be converted to CO2, and the heavier isotopes (13C) are likely to become

enriched in the fullerene residuals (functionalized fullerenes and fragments).

For the dark

controls, the 13C ratio increased a little at the end of the experiment, this might be due to leaking
since the 13C isotopic signature for air is around -8, which is much higher than the values for the
headspace sample.

Further mineralization studies with 13C-labeled C60 would be helpful to

confirm the source of CO2.

Figure 3.14 13C ratio in headspace samples for solar irradiation

3.2 Lamp Irradiation

Samples irradiated for 10, 20, and 30 days in the reactor were analyzed.

Since the pH of

the samples in this experiment were buffered with 5 mM phosphate buffer, initial pH was
adjusted to 6.98, and the pH of both the irradiated and dark control samples stayed around 7.0
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even after 30 days of lamp irradiation. The dark brown color of the irradiated suspension did
not fade extensively, evidently because of the very high initial mass concentration being used in
this experiment. Yet, a reddish color developed after 30 days of irradiation (Figure 3.15) which
indicated the production of altered-C60 or cage-open products.

For the dark control samples,

some aggregation of clusters likely occurred resulting in a lighter color. Merely from observing
these physical changes, the control clusters tended to aggregate and precipitate even though
frequent shaking was applied, as the clusters in the irradiated samples become more stable as the
photo-promoted reaction proceeded.

Figure 3.15 Physical color change for the lamp irradiation samples

Cluster size, PDI and zeta potential for the lamp irradiated samples were measure after 10,
20, and 30 days of lamp irradiation.

Irradiated samples underwent different changes compared

to the unbuffered solar irradiation samples.

Figure 3.16 shows the average cluster size and

polydispersity index (PDI) changed for the lamp irradiated samples and dark control samples at
different time points. As opposed to the unbuffered solar irradiation samples, the average
diameter of nC60 clusters decreased from at initial value of ~517 nm to ~397 nm after 30 days of
lamp irradiation. This decreasing cluster size agrees with many previous DLS and TEM results
[12, 40] and proves that the clusters will disaggregate during irradiation when the aqueous pH
remains near neutral.

At the same time, the PDI also decreases from ~0.45 to ~0.3, indicating

the clusters are becoming more homogeneously distributed with decreasing average cluster size.
The average particle size and the PDI value have a positive correlation based on these results and
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those of the solar irradiation experiment.

Different from the decrease in pH during the solar

irradiation samples, under the buffered pH condition, the irradiated suspensions changed from a
very heterogeneous suspension with wide size distribution range, into a more homogeneous
aqueous suspension. The average cluster size and PDI for the dark controls slightly increased
over the 30 day experiment (shaken frequently).

Figure 3.17 shows the change of surface zeta

potential for the Aqu/nC60 clusters. The zeta potential stayed at approximately -34 mV for the
dark control samples, but decreased for the irradiated sample from -34 mV to -49 mV.

Similar

to the solar irradiated clusters, this decreasing zeta potential indicates that the modified clusters
have a higher potential to repel each other, promoting their colloidal stability.

The DLS data

(size, PDI, zeta potential) together indicate that the Aqu/nC60 suspensions become more
colloidally stable as the irradiation proceeds (i.e, reduced probability to aggregate or precipitate).
By comparing the changes in cluster size, PDI, and zeta potential with those of the unbuffered
solar irradiated samples, it is obvious that the pH change plays a crucial role in cluster stability,
even upon photochemical reaction. Therefore, in addition to the physical/chemical properties of
the C60 clusters, themselves, environmental parameters, such as pH, and presumably temperature,
and the presence NOM, need to be taken into account when evaluating the reactivity and
colloidal stability of C60 and other carbon based nanomaterials in the aqueous environmental.

Figure 3.16 Cluster size and Polydispersity Index (PDI) changes under lamp irradiation
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Figure 3.17 Surface zeta potential change of Aqu/nC60 clusters under lamp irradiation

The UV-Visible absorbance changes measured for the lamp irradiated samples were similar
to that observed for the solar irradiated samples. The results are shown on Figure 3.18. The
absorbance above 280 nm, dominate light scattering and by the interactions between water and
the nC60 clusters decreased, whereas, the absorbance below 280 nm, dominated by the formation
of photochemical products, increased. These are the same types of absorbance changes as noted
for the unbuffered solar irradiated samples, indicate that the photo transformation processes and
products are similar. A difference between these results is the reaction kinetic rate (i.e., rate of
change in absorbances) due to differences in the light intensities that the samples received, and
also possibly affected by the difference in overall wavelength distribution between the sun and
lamps.

After a much longer irradiation time, all C60 should be transformed into photo products,

and the absorbance spectrum should resemble that of fullerol clusters, or even further oxidized
clusters or soluble products.
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Figure 3.18 UV-Vis spectrum of Aqu/nC60 for initial sample and 30 days irradiated sample

In this experiment, the concentration of C60 was measured using the same toluene extraction
method reported earlier.

For these lamp irradiated samples, the extraction separation was also

photographed (after mixing the toluene-water mixture for 24 hours), due to the interesting
precipitation that occurred in the irradiated samples. Figure 3.19 shows the two phase
extraction separation of both an irradiated sample and a dark control sample after 30 days. The
irradiated samples had been exposed to 16 lamps for the 30 day period. The image clearly
shows the production of presumably polar photoproducts that cannot be extracted into the toluene
phase, and it is also obvious that they have aggregated at the interface and within the water phase
(i.e., bottom phase). The change in concentration of parent C60 over time, extracted into the
toluene phase, is shown in Figure 3.20. The concentration for the 30 day irradiated samples
decreased to 36% of the original concentration.

Compared to the solar irradiation samples, the

reaction rate of loss of parent C60 was slower, with 91% and 30% of original C60 mass lost after
10 days during solar and lamp irradiation, respectively.

The higher initial concentration in the

lamp irradiation experiment and differences in the light source both should affect the kinetics.
The high concentration used in the lamp irradiation experiment likely decreased the rate by
decreasing the light intensity through the vials, decreasing the percent change, while not effecting
the absolute mass change with time (i.e., zero order at high concentration versus first order at low
concentration). The C60 concentration recovered in dark control samples also decreased, likely

38

due to changes in the extraction efficiency as the clusters aged (or ripened).

For this lamp

reaction experiment, the dark controls were wrapped with aluminum foils and placed in the dark,
so any stray light was avoided, unlike the solar irradiated control samples.

Figure 3.19 Aggregation during extraction with toluene (upper phase) before centrifugation

Figure 3.20 C60 concentration as a function of time for lamp irradiated samples and Control
samples.
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A typical chromatogram of a toluene extract of an irradiated sample at 30 days is shown in
Figure 3.21. Again, only the parent C60 molecules, C60 dimers, and a limited number of
oxidation products can be seen on the chromatogram.

Since the initial C60 concentration was

very high, a scaled graph was used to show the additional small peaks. The new peaks shown on
the zoomed-in chromatograph include a broad peak at ~3.9 (shown more obviously in Figure 3.8),
a shoulder peak following the major C60 peak, and a small peak at ~11 minutes. The two small
peaks eluting after C60 are reported to be C60O and C120O [44] with similar retention times, using
the same elution method, but with a Cosmosil Buckyclutcher column. However, this is the first
report of the ~3.9 minute product peak that appears using the Cosmosil Buckyprep column.

As

explained earlier, this peak might represent functionalized C60 with polar functional groups, such
as hydroxyl or carboxyl groups, that have less - interaction with the column compared to C60
or the C60 dimer.

During the 30 day irradiation period, this peak changed from a single sharp

peak to a cluster of several peaks, indicating that C60 products were produced with a number of
the same or different functional groups. Mass spectrometry may be helpful to identify the
chemical structures of the peaks that elute near ~3.9 minutes.

Figure 3.21 Chromatography of a dark control sample, and a 30-day irradiated sample (graph
insert)
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The increase in headspace CO2 was more significant in the lamp experiment compared to
the solar irradiated samples.

Figure 3.22 shows the increase in CO2 concentration in the

headspace over the 30 day period, with the concentration in the lamp irradiated sample increasing
two times more than that of the dark control sample (0.74 mmol/L for irradiated samples and 0.36
mmol/L for dark controls). Recall that for this lamp irradiation experiment, acidification was
applied such that the total CO2 mass in each vial can be calculated directly from Henry’s constant
for CO2, the volumes of each phase (gas and aqueous), and the measured concentration in the gas
phase. Assuming that CO2 leakage (i.e., dispersion into the vials) is the same for all tubes,
resulting in the increase in CO2 in the dark control samples, the difference in TIC between the
irradiated samples and the dark control samples can be used to estimate the degree of C60
mineralization.
days.

Note also, that the greatest difference in CO2 increase occurs during the first 10

After 20 days of exposure in the reactor, the increase in CO2 concentration was very slow,

tending to plateau by 30 days, at which time approximately 0.74 mM CO2 was measured in the
headspace of the irradiated sample compared to ~35 mM in the dark control sample.

It is most

likely that this decrease in rate was affected by the change in oxygen concentration as the
reaction proceeds, as a lower oxygen concentration will limit the rate of photo-transformation
and any mineralization that occurred. Additionally, 36% of the original C60 mass remained after
the 30 day irradiation period, again suggesting that a lower oxygen concentration was the main
cause for the decrease in the reaction rate. Therefore, in future studies it may be useful to use
pure oxygen as the headspace rather that CO2-free air, in order to observe the maximum extent of
mineralization.

Figure 3.23 shows the change in total inorganic carbon mass and TIC percentage for the
lamp experiment. The trend in TIC is similar to the trend in measured CO2 concentration since it
is directly calculated from the CO2 volume using equation 5. Table 3.3 listed the values of the
calculated CO2 concentrations in the headspace and aqueous phase, as well as the calculated TIC
mass and %TIC for both the irradiated samples and dark control samples. From the data on C60
and TIC, the carbon mass of each different carbon form (C60, functionalized-C60, TIC, etc.) were
calculated at each time point and are listed in Table 3.4, including the % altered-C60 calculated
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using equation 8 (without correcting for the CO2 increase in the dark control samples). In
addition, the % D (% carbon mineralized to CO2 after correcting for the dark control samples,
was calculated using equation 6.

Figure 3.22 CO2 concentration in headspace for the lamp irradiation samples

Figure 3.23 Calculated TIC mass change and % TIC change for lamp experiment samples
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Table 3.3 Summary of CO2 concentrations and TIC mass calculations
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Table 3.4 Summary of the carbon mass in each different form and %D (eq6)
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As indicated in Figure 3.24, the calculated percentage of carbon mineralized to CO2 (% D)
increased much faster during the first 10 days when more C60 was present and when oxygen was
abundant also. It is predicted that the % D will decrease as irradiation time increase, as which
time most of the remaining organic carbon fragments derived from the parent C60 becomes
photochemically recalcitrant.

Figure 3.25 shows the ratio of the calculated amount of altered-C60 (i.e., functionalized C60)
to the original C60 mass (i.e., % altered-C60).

The calculated percent altered-C60 in the irradiated

samples increased much more than in the dark control samples during the 30 days, reaching 40%
by the end of the experiment.

Recall, the altered-C60 mass is calculated using equation 7 which

calculates the difference between the mass of original C60 and the inorganic carbon produced over
time. Hence, the increase in the calculated altered-C60 in the dark control samples is likely due to
poorer recovery of C60 within the toluene extracts as the aqua/nC60 clusters age. This figure
however does indicate that unfunctionalized C60 and potentially fragments of C60 are the major
form of carbon after this irradiation time period.

A comparison of the percent carbon mass

measured or calculated in each form is shown in Figure 3.26, which, despite the stated potential
analytical measurement errors, should give a reasonable indication of the general transformation
reactions of C60 under the experimental lamp irradiation conditions. The increase in inorganic
carbon occurred mainly during the initial 15 days, and altered-C60 (i.e., functionalized C60, dimer
products, and/or fragments) became the major products over time. These results strongly
suggest that mineralization occurs to a reasonable extent (i.e., 10-20%), however, increased
diffusion into the vials due to adsorption of CO2 onto aqua/nC60 clusters cannot be ruled out, due
to the increase in CO2 in the dark control samples, and because the affinity of aqua/nC60 for CO2
is unknown.
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Figure 3.24 Percentage of photo-degradation (%D) for lamp irradiation samples

Figure 3.25 Percentage of altered-C60 mass for lamp irradiation sample
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Figure 3.26 Percentage of carbon mass in different forms for lamp irradiated samples

The 13C/12C isotope ratio for the lamp irradiated samples is shown in Figure 3.27. Recall that
the C60 is more depleted in 13C than the background atmospheric CO2.

Hence, if CO2 is

produced from C60, the 13C/12C ratio should decrease. The trend in the 13C/12C ratio is similar to
that observed in the unbuffered solar irradiation results, and the change in the 13C ratio over time
is consistent with the TIC mass over time, as the more CO2 that is produced from C60, the more
depleted the 13C/12C isotope ratio becomes.

Different Henry’s constant for 12CO2 and 13CO2

explains the decreasing δ13Csample/PDB in the headspace. Results from 13C/12C isotope ratios would
be very useful and more accurate if 13C-labeled C60 was used in the experiments, as the difference
in the 13C/12C ratio would be significantly enhances, changing to a positive value even if only 5%
of the original C60 was labeled.

Figure 3.27 13C/12C ratio in the headspace CO2 in the lamp irradiated samples
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Production of CO2 from Aqu/nC60 is a complex process as different functionalized forms of
C60 and potential C60-fragments may produce CO2 at different rates, making it nearly impossible
to construct a kinetic model to simulate the underlying processes. However, it seems logical
that surface C60 molecules on the nC60 clusters should react first and undergo the photo-oxidation
and potentially fragmentation before the C60 in the core of each cluster reacts. The
functionalized molecules might detach from the clusters, and form new clusters with similar
derivatized structures, or remain in solution. New surface C60 molecules now have a chance to
undergo photochemical oxidation producing additional intermediate products. It is known that
preliminary oxidation products of C60 are similar to commercially available fullerols (C60OxHy),
and may further react to form intermediates with different and more complex functional groups
[12, 43, 47]. After sufficient irradiation, this process will consume all parent C60, converting a
portion of the carbon into CO2, and produced other organic products with different oxygen- and
hydrogen-containing groups.

Clusters with greater polarity and higher colloidal stability will

result, altering the toxicity of the solution/suspension in various but unknown ways. A schematic
of these possible reactions is indicated in Figure 3.28.

ROS production process

Derivatization and Mineralization

Figure 3.28 Potential reactions involving C60 during sunlight exposure to aqueous clusters
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4. CONCLUSIONS AND POTENTIAL FUTURE WORK

4.1 Conclusions

Both the solar irradiation and lamp irradiation experiments suggest that photo induced
mineralization of Aqu/nC60 clusters occurs to some extent (5-20%), although increases in CO2
concentrations within control samples make this statement somewhat equivocal. The different
light sources, aqueous chemistry parameters, and initial C60 concentration will affect the overall
rate of C60 loss and CO2 production. The solution pH plays an important role in this photo
transformation process as a low pH, experienced in the unbuffered sunlight experiment, can
result in cluster aggregation, which further affects cluster size distribution and the overall rate of
mineralization. Under buffered conditions at pH ~ 7, the Aqu/nC60 cluster size decreased during
lamplight irradiation, with a decrease in the overall size distribution, and increase in cluster
stability in the colloidal dispersions. This would indicate a greater mobility in water (i.e., less
interaction with soil and sediment surfaces), and potentially greater exposure to aqueous
organisms (i.e., increased bioavailability). The parent C60 was converted to intermediate
products with presumably different oxygen and hydrogen containing functional groups, and
HPLC chromatograms indicated some C60-dimers formed during the irradiation period.

It

appears that the rate of transformation to photo-stable organic products versus mineralization to
CO2 depends on a variety of parameters, including the light source, the initial C60 concentration,
as well as aqueous phase conditions (pH, presence of NOM, etc.). Also, the oxygen
concentration can be a limited factor for C60 loss and extent of mineralization. Hence, for the
two different experiments conducted in this study, comparison of the transformation and
mineralization rates can only be made in a qualitatively fashion.
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4.2 Potential future work

To better quantify any CO2 that is produced by C60 under abiotic environmental conditions
(i.e., sunlight exposure), 13C labeled C60 should be used. The 13C/12C ratio measured by IR-MS
should increase significantly is such systems, allowing for distinctly differentiation the CO2
produced by 13C-C60 from other sources of CO2, which includes the initial background CO2 and
any CO2 that results from diffusion into the vials through and around the stoppers. Additionally,
pure oxygen could be used instead of CO2-free air to eliminate potential decrease in reactivity as
oxygen becomes depleted from the vials. Potential mineralization of other nanomaterials under
different irradiation condition also should be investigated to better understanding transformation
of the entire class of fullerene nanomaterials. And finally, the potential biodegradation of
photo-decay products of 13C-labeled C60 should be studied to elucidate the bioavailability and
biodegradation of these intermediates/products, providing further information for the overall risk
assessment of C60 in natural aqueous environments.
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Appendix A

Over pressurize method with He gas:
1. Flush the 30 mL tube with He for 3-5 minutes under 200 mL/min through input 1, output 2 is
connect to atmosphere (Figure 1);
2. Inject needle (output 3) and slowly pull out 3mL He while keeping the He flush in;
3. When 3 mL He was taken, stop He flushing (input 1), wait for 2~3 seconds to make sure the
pressure in the needle is same with atmosphere, then take out the needle (output 3) and inject into
the 16 mL sample vial immediately
4. 3 mL He was injected into the headspace and mixed well, then 3mL of the mixed headspace
was collected and injected into the exetianer immediately.

Figure A. He-collected devices in the over pressurize procedure
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Appendix B

Total inorganic carbon calculation for non-acidified samples

Equation T C = CO

g

×

× Vaq

Vg ×

×

(4) was derived from the following

equations:

[T C ] = Vaq × [D C ]

Vg × [CO ]gas

D C = CO

HCO

=

H CO

CO

=0.7731
g

K =

CO aq
=
H CO

Ka =

H + HCO
H CO

Ka =

H + CO
HCO

= 3. 6 ×

= 5.

4

×

Where,
TICt: total inorganic carbon concentration at each time point;
DICt: total dissolved inorganic carbon concentration, mol/L; equals to C

[
aq

]
𝛼

;

: Ratio of CO2 concentration in aqueous to total inorganic carbon species, [CO2, aq]/[CT];
𝛽: Equilibrium constant for CO2 solubility (CO2, aq/CO2, g), M/M;
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Appendix C

TIC calculation form in original Excel File
For solar experiment samples irradiated for 120 days
Example Data:

pH =

4.93

Sample volume (mL)

10

Headspace (mL)

6

Gas sample size for CO2 measurment (uL)

3000

Volume of CO2 produced (uL)

31.3

[12] =

1.17E-05

Carbon calculation based on an assumed CO2 production
Concentration of CO2 in headspace (uL/uL)

0.010433

Concentration of CO2 (gas) (mol/L)

0.000427

Mole CO2 in headspace (mol) = (MoleCO2/V gas)* [head space(L)]

2.56E-06

Carbon mass in headspace (mg)

0.030711

Constants for: CO2(g), CO2(aq), H2CO3*, H2CO3, HCO3-, CO32Molar volume of an ideal gas (L/mole)

24.466

298.15K

K

log (K)

3.16E-02

-1.5

700*

2.845098

0.000316228

-3.5

4.51E-07

-6.34572

Ka,2 = [H+][CO32-]/[HCO3-]

5.01187E-11

-10.3

1/k (or Km)

0.001428571

-2.8451

note: [H2CO3]*=[CO2](aq)+[H2CO3]
KH (M/atm) = [CO2](aq)/[CO2](g)
k = [CO2(aq)]/[H2CO3]
K1 = [H+][HCO3-]/[H2CO3]
+

-

Ka,1 = [H ][HCO3 ]/[H2CO3*]

CO2(aq) (M) =

3.30E-04

H2CO3 (M) =

4.71E-07

H2CO3* (M) =
HCO3- (M) =
2-

CO3 (M) =

RT(atm/M) =

24.4652

3.30E-04

Ct(aq) (M) =

3.43E-04

1.27E-05

Masst (mol) =

5.99E-06

Masst (mg) =

7.19E-02

5.41E-11

*See Stumm & Morgan, 1996, p. 150, at T=25℃

total
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Appendix D
CO2 volume measurement results for solar irradiation samples
Volume (uL)

pH

CO2 (M, g)

CO2 (M, aq)

Total C (mg)

δ13C (‰)

aqu-C60-10d dark 1

4.5806

6.93

6.2415E-05

4.8253E-05

0.0326

-23.1361

aqu-C60-10d dark 2

6.5379

6.85

8.9096E-05

6.8880E-05

0.0412

-23.4216

Ave-10d dark

5.5592

6.89

7.5755E-05

5.8566E-05

0.0369

-23.2789

aqu-C60-10d light 1

18.1858

5.58

2.4783E-04

1.9160E-04

0.0448

-23.7821

aqu-C60-10d light 2

13.8369

5.15

1.8857E-04

1.4578E-04

0.0322

-24.7700

aqu-C60-10d light 3

13.4939

5.86

1.8389E-04

1.4217E-04

0.0359

-26.6518

Ave-10d light

15.1722

5.53

2.0676E-04

1.5985E-04

0.0377

-25.0680

aqu-C60-25d dark 1

8.0217

7.02

1.0929E-04

8.4495E-05

0.0661

-21.3179

aqu-C60-25d dark 2

8.2917

6.97

1.1297E-04

8.7340E-05

0.0629

-22.3537

Ave-25d dark

8.1567

6.995

1.1113E-04

8.5918E-05

0.0645

-21.8358

aqu-C60-25d light 1

24.3591

5.02

3.3196E-04

2.5664E-04

0.0562

-26.0935

aqu-C60-25d light 2

25.5398

4.96

3.4805E-04

2.6908E-04

0.0587

-24.8331

aqu-C60-25d light 3

24.0676

4.99

3.2799E-04

2.5357E-04

0.0568

-25.8277

Ave-25d light

24.6555

4.99

3.3600E-04

2.5976E-04

0.0573

-25.5848

aqu-C60-45d dark 1

4.4406

7.16

6.0507E-05

4.6778E-05

0.0467

-22.8927

aqu-C60-45d dark 2

4.9724

7.2

6.7730E-05

5.2362E-05

0.0562

-23.0061

Ave-45d dark

4.7065

7.18

6.4118E-05

4.9570E-05

0.0515

-22.9494

aqu-C60-45d light 1

24.1240

5.13

3.2870E-04

2.5412E-04

0.0561

-27.9530

aqu-C60-45d light 2

22.9995

5.17

3.1344E-04

2.4232E-04

0.0537

-27.6475

aqu-C60-45d light 3**

27.8987

1.17

3.8021E-04

2.9394E-04

0.0627

-27.8668

Ave-45d sample

23.5618

5.15

3.2107E-04

2.4822E-04

0.0549

-27.8224

aqu-C60-120d black1

3.8136

7.38

5.1922E-05

4.0141E-05

0.0609

-19.6409

aqu-C60-120d black2

3.8974

7.32

5.3148E-05

4.1089E-05

0.0554

-19.5682

Ave-120d black

3.8555

7.35

5.2535E-05

4.0615E-05

0.0581

-19.6045

aqu-C60-120d sample1

30.6179

5.13

4.1728E-04

3.2260E-04

0.0712

-27.7453

aqu-C60-120d sample2

30.4400

4.98

4.1483E-04

3.2070E-04

0.0701

-27.7544

aqu-C60-120d sample2

32.8141

4.68

4.4712E-04

3.4567E-04

0.0747

-27.9006

Ave-120d sample

31.2907

4.93

4.2641E-04

3.2966E-04

0.0720

-27.8001

10 days

25 days

45 days

120 days

**aqu-C60-45d light 3 is acidified and the results is excluded when calculating the average
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Appendix E
CO2 volume measurement results for lamp irradiation samples
V (uL)

**V (uL)

CO2 (M,g)

CO2 (M,aq)

Total C (mg)

δ13C (‰)

Aqu/nC60-0d 1

2.9055

4.3582

5.9392E-05

4.5916E-05

0.0098

-23.4963

Aqu/nC60-0d 2

2.7556

4.1334

5.6329E-05

4.3548E-05

0.0093

-20.0353

Ave-0d

2.8306

4.2458

5.7861E-05

4.4732E-05

0.0095

-21.7658

Aqu/nC60-10d dark 1

10.1998

15.2997

2.0850E-04

1.6119E-04

0.0344

-22.5993

Aqu/nC60-10d dark 2

10.4498

15.6747

2.1361E-04

1.6514E-04

0.0352

-23.0594

Ave-10d dark

10.3248

15.4872

2.1105E-04

1.6317E-04

0.0348

-22.8294

Aqu/nC60-10d light 1

30.0998

45.1497

6.1529E-04

4.7568E-04

0.1014

-27.0607

Aqu/nC60-10d light 2

32.6498

48.9747

6.6741E-04

5.1598E-04

0.1100

-27.0982

Ave-10d light

31.3748

47.0622

6.4135E-04

4.9583E-04

0.1057

-27.0794

Aqu/nC60-20d dark 1

17.8839

26.8259

3.6557E-04

2.8263E-04

0.0602

-25.8578

Aqu/nC60-20d dark 2

14.2877

21.4316

2.9206E-04

2.2579E-04

0.0481

-25.1628

Ave-20d dark

16.0858

24.1287

3.2882E-04

2.5421E-04

0.0542

-25.5103

Aqu/nC60-20d light 1

37.3068

55.9603

7.6261E-04

5.8957E-04

0.1257

-26.5289

Aqu/nC60-20d light 2

33.6670

50.5005

6.8821E-04

5.3205E-04

0.1134

-27.4794

Ave-20d light

35.4869

53.2304

7.2541E-04

5.6081E-04

0.1195

-27.0042

Aqu/nC60-30d dark 1

16.5670

24.8504

3.3865E-04

2.6181E-04

0.0558

-25.2408

Aqu/nC60-30d dark 2

18.2545

27.3817

3.7315E-04

2.8848E-04

0.0615

-26.6152

Ave-30d dark

17.4107

26.1161

3.5590E-04

2.7515E-04

0.0586

-25.9280

Aqu/nC60-30d light 1

36.6590

54.9886

7.4937E-04

5.7934E-04

0.1235

-27.3057

Aqu/nC60-30d light 2

35.3835

53.0753

7.2329E-04

5.5918E-04

0.1192

-27.1232

Ave-30d light

36.0213

54.0319

7.3633E-04

5.6926E-04

0.1213

-27.2144

0 days

10 days

20 days

30 days

**adjusted volume (multiply 3/2) ruling out the dilution effect due to over pressurize

